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ANALYSIS OF AN ASSEMBLAGE OF DISCS
EMPLOYING INTERACTIVE GRAPHICS

PART I: INTRODUCTION

Background

1. A computer modeling -echnique termed the "distinct" element
method was introduced by Cundail (1971). Then, several years later, the
technique was extended to analyze blocky rock systems (Cundall, 1974).
This type of analysis permitted large-scale motions of the individual
rock blocks. This work was further extended to the analysis of tunnel
supports (Voegele, 1979). Thus, the distinct element method has been
developed to accurately model many features of the behavior of jointed

rock.

Purpose

2. This study was directed at developing methods for analyzing

—_— —

the behavior of systems of simple, particulate members. The basic shape

' of the particulate members was chosen to be a disc (or cylinder). The

v

distinct element method is oriented more toward representing the kine-

) matics of a system of particulate members instead of the continuum
aspects. At the outset, the structure is viewed as a collection of
individual members with individual properties, rather than a homogeneous
system for which the material property effects are assumed to apply
throughout.

3. In addition to extending the distinct element method to
discs, there was a desire to use computer interactive graphics in the
analysis so that the user could be relieved of laborious data preparation
and time-consuming plotting of the results. This report describes the
development of a computer program entitled DISC and contains discussions

of the mathematical formulations, program organization, and program

operation.
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PART IT: MATHEMATICAL CONCEPTS

4, The computer program DISC was formulated using concepts of
the "distinct element" method proposed by Cundall (1974). Conceptually,
the distinct element method computes the forces and displacements at
points of contact between mathematically described particles (elements).
The contact between the elements are mathematically represented by
springs and dashpots. Any relative displacement between two elements in
contact then results in a force developing within the springs and dash-
pots. The vector sum of all such forces on the discs in turn causes
accelerations of the discs. 1If these accelerations are assumed to be
constant for a prescribed interval of time, the associated velocities 2
and displacements may be computed for the end of that time interval. -
These new displacements may then be used to determine new relative
displacements between the contacting elements, and the cycle is then
repeated over and over.

5. The computer program DISC is capable of handling element
shapes corresponding to discs and bars. The bar elements are composed

of two parallel sides of arbitrary length terminated on both ends by

semicircles. Figure 1 shows two examples of two elements in contact. a
Condition a presents two disc elements in contact, and condition b a bar
and a disc element in contact. Mathematically, the equations required
to describe the subsequent motions of either contact pair are identical. 7
However, condition b is somewhat more general and easier to visualize
and as such will be referred to in the following discussion.

6. Figure 1b shows the bar element i , its centroid located at

i i . . . . j
X , Yy , and the disc element j , its centroid located at xJ, yJ .

The coordinates of the contact point are at xc, yC . The angle to the
contact plane is denoted by B . (For the conditions shown in Figure la,
B is the angle of the plane of tangency.)

7. The basic key equation cf the distinct element method relates

the incremental displacement of the contact point (into one of the two
contacting bodies) to the relative motion of the elements that are in

contact. The following equation is the result of superposition, i.e.,




Element j

\\N‘TL—— Element i
i
X

(Y
e
6 ' Au

R,

Element j

Basic elements and definitions

Figure 1.




first assume element 1 is fixed and determine the resulting motion of

the contact, and then assume element j is fixed and examine the motion

of the contact point. This analysis yields (as illustrated in Figure 2a)

2 i
Au
y

)

Au; - /\u; + a0 GE - W) - At - x
(1)

and

i

Ays i i_ (ﬂ c _ i 1
Aux Aux Aux AO (y y') + A6 (v y)
where

= the vertical component of the incremental contact
displacement

Au

Au_ = the horizontal component of the incremental contact

displacement

X 0 <0

i . . R .
Au’ = the current vertical incremental displacement of element i ,
y etc. (i.e., the subscript (x or y) refers to the component

direction and the superscript (i or j) refers to the element)

y = the centroid coordinates of element i
x7, y° = the centroid coordinates of element j

X = the horizontal coordinate of the contact point
y = the vertical coordinate of the contact point

A6

li

the incremental rotation of the element

8. The global angle of the contact plane is given by B . Thus,
the horizontal and vertical relative contact displacements may be re-
solved into components parallel and perpendicular (shear and normal

directions) to the contact plane. Thus, as shown in Figure 2b

AuC = AuC sin B + Auc cos B
s y be

2
and (2)
c
M€ = auS cos B - suS sin B
n y X
where
c
AuS = the component of the contact point displacement parallel to
the contact plane
Auﬁ = the normal component

9. As previously mentioned, the contacts are represented by

springs and dashpots (in both the normal and shear directions). Thus,

ttinzs - ot s
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Figure 2. Contact displacements and torces
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the force generated within the springs and dashpots becansc ol the

incremental normal and shear displacements is given by

(3

where

F; = the normal spring force

F' = the shear spring force

S

&

Dn = the normal dashpot force

(o4
Dq = the shear dashpot force
k” = the normai stiffness
kq = the shear stiffness

Kn = the normal damping constant
Kq = the shear damping constant

The symbol = means "replaced by'"; that is, after each increment of
contact point displacement, new normal and shear forces are recomputed
as functions of the old values. The dashpots are necessary to prevent
the two contact elements from vibrating indefinitely. To be strictly
correct, the dashpot forces should be related to the contact point
velocity; however, for a time increment, the incremental displacement is
proportional to the velocity (i.e., Au = vAt , where v is the relative
velocity across the contact). Figure 2¢ shows the positive directions
of the normal and shear forces. Also, note that a positive normal force
indicates a compressive force.

10, Equation 3 is subject to modification if the tensile

"strength" T (a negative value) is exceeded. Thus, it follows that if




then

. .c . . . . .

1t kn is less than T (which is normally set to zero), all forces at
the contact are set to zero, i.e., the elements are tending to separate.
In addition, 1if the coefficient of friction is given as y , the equa-

tions arce modified as follows:

If
Fol > nF -
S n
then .
FC o= i JES /RS
S S 5
D" =0
s

Thus, the two elements will slide whenever the shear force exceeds the
product of the coefficient of friction and the normal force, and the
resulting shear force is maintained at the shear '"strength."

11. Now that the contact shear and normal forces have been
computed, all that remains is to resolve these forces back into the

component directions. The result is

Fl o= (F° +0°) sin B - (FC + DY) cos B

y s s n n

J o c c .c C .

= s B+ + s

PX (FS + Ds) cos B (Pn Dn) sin B 4)
Flo= -p)
y y
.
X

where Fi is the vertical component of the contact force on element j
etc. Figure 2d shows the positive directions of the component forces.
Obviously, the forces on element i are numerically equal but opposite
to those on element j . Up to this point, only a single pair of con-

tacting elements has been considered. In actuality, any element, say

9

R T

s
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element i , may possess a number ol contacts. In addition, element i
may be subject to applied forces and gravity forces. Thus, the total

force acting on element 1 1is given by

= XCF; + vertical applied load - gravity load

ysum
: = % F° + horizontal applied load (5)
Xsum Cc X

3 i Cfi, ¢ i i, ¢ i ) :
{ = - - - + lied |
bsum C[%y(x x) Fx(y y )] applied moment |

The symbol EC means the summation for all contact points of elemnt i .
. .. . . i .
The equations are similar for element j . The term M u is the total

moment acting on element i . Figure 3 illustrates the force sums.

Fi
ysum |

7 i AN . ;
M F

sum BREN XSUum .

; ,

i
sy

X

= XCFi + vertical applied load-gravity load

?CF; + horizontal applied leoad

——— Eik oar

Xsum

i i, c i i, c i
1 =5 |r - - -
M um e {Fy (x x7) Fo (y y)

+ applied moment

Figure 3. Force sums on element i




12. After computing all the force sums acting on each element,

the acceleration of each element may be computed from Newton's law of
motion, i.e., acceleration = unbalanced force/mass, and angular acceler-
ation = unbalanced moment/moment of inertia. Thus, the component

accelerations a , and angular acceleration o are expressed as

i i i
a’ = /m

x xsum
at = F /m" (6)
y ysum

sum
where
m = the mass of element 1

the mass moment of inertia of element i

The velocities ( w 1is the angular velocity) are then computed by

multiplying by the time step At :

.1 i
v =v + a it
X X X

vhos vio+ alAt (7)
Yy y Yy
ml = u)1 + 11/\t

A second numerical integration yields the incremental displacement for

the element to be

i
Au’ = v At
X X

(8)

h
<
>.
[as

Aul
y
/\(‘l = AL

The quantities above are sought in order to recycle the calculations.

These quantities are introduced back into Equation 1, and the whole

process is repeated.

11
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13. Finally, the total displacement of the element centroids are

found from

i. 1 i
u =u + Au

X X X

i, i i
u = u_ + Au (9)
y y y

P i

gto= ot 4 A

14. At the outset of each problem, the incremental displacements
are, of course, zero. Thus, Equations 1 through 4 yield nothing, i.e.,
there are, up to now, no contact forces. In Equation 5, a force sum
will result due to applied and/or gravity forces. Thus, an acceleration
of an element will occur that in turn can yield incremental displacements.
Equations 1 through 4 are then used to compute the new contact forces.

15. As noted from the discussion above, the mathematics involved
in program DISC are quite simple, since only the concepts of a damped
oscillator and Newton's law of motion are needed. The real difficulty
in performing this type of analysis is the development of the logic to
detect and to provide computer memory for the many contacts that may
result. Thus, the problem becomes one of geometry and bookkeeping. The

details of the program are presented in Part II1I.




PART 1HI: PROGRAM ORGANTZATION

General Overview

16. The computer program DISC is a time-sharing FORTRAN program
that consists of a main program and sixteen subrout ines.  Physically,
DisC is composed of approximately 1200 FORTRAN statements.  The program
Is written to nse interactive graphics and is operated by a Tektronix
4014 (or A0lU) terminal.  With the exception of occasionally tvping in a
few numbers to redefine certain parameters, the commands primarily
cousist ot single kevsatrokes, Fhe cutpat s primarily graphical, i.ce.,
pictures ot the present locations o) the elements are drawn on the
screen. While it is possible to obtain printed intormation, the normal
mode of operation is visual.

17, As discussed in Part 11, the actual calceulations tor deter-
mining the motion ol the disc and bar elements are quite straightf{orward.
Fnowing the location of o contact point and the previous relative dis-
placements of those clements in contact, the torces between the elemeuts
can be computed and then integrated over time to obtain oew displacements
necessary tor the next ceveles his process is carried out tor all
contacts at cach time ovele.

18.  Suppose though, that a system of 100 Jise elements, packed
closely together, is to be considered. [t the disce are of the sawe
size, then there could, at most, be six contacts per disc; and since
some must be on or near the edge, the total number of contact points
must be less than 600, flowever, in order to check for contacts beltween
the two arbitrarv disces, it would (by brute force) be necessary to cheek
for the possibility of & contact bhetween cach and everv dise. i ther -
more, an inordinate amount of seavching would be vequived.  1rono {00
discs, the aumber of ditfterent possible combinations inocdiven by

! 100!

¢ on - N T ..'(WRr!) = 4950 )

L




For 500 discs, the number of scarches would increase to 124,750. In
addition, computer memory space would be required at double the amounts
above to store the normal and shear contact forces,

19. Since most of this memory would be blank and most of the
searches truitless (where contacts were not found), a great deal of
effort was put into formulating schemes and methods to facilitate the
program's efticiency. Indeed, the usability of the distinct element
method is predicated on etficient programming techniques. Without
incorporating these schemes it would not be poussible to solve even small
problems on large computers.

20, The various subroutines that make up the program DISC are
related to each other primarily through named common storage. The items

in common storage are as follows:

N = Number of Jdisc and bar e¢lements
SKN = Spring stifiness at contact
DKN = Damping constuant of contacts
TiIME = Time since beginning of run
DI = Time increment between steps

DF = Damping factor (a multiplier for the damping constant)

FXSUM(M) = sum of forces in x-direction on elcment M
FYSUM(M) = Sum o1 forces in y=direction on eleme:n. M
FMSUM(M) = Sum of moments acting on element M

FX(M) = Applied x-force on element M

FY (M) = Appliced y-torce on element M

FM(M) = Applied moment on clement M

X(M) = Current x-coordinate of element M
Y(M) = Current y-coordinate of element M
T(M) = Current angolar rotation of element M

R(M) = Radius (or thickness, if bar element) of element M

S{(M) = One half of the separation between the circular ends
of bar element M

W(M) = Weight of clement M
XM(M) = Mass of element M

UX(M) = current x-displacement of element M




Uy (M)
UT (M)
VX (M)
VY (M)
IFIX(M)

WGTF(M)

FRC (M)

TEN(M)
AA(M s 24)

NA (M)

LL (M x 6)

The common scorage

21.  The ma

subroutine GLDYUP.

Honeywell system a

in DISC

include:

graphics subroutines (West Point Military Academy,

the WES computing system and also the Office ot

Current y-displacement of element M

Current angular displaccment of c¢lement M
Current x-velocity of e¢lement M

Current y-velocity of elepent M

Fixity code for element M . The values are:

! = Fixed in x-direction

2 = Fixed in y=-dircction

V= Fixed in x- and v-direction

4 0= Fixed in angular direction

5 = Fixzed in x and angular directions

0O = Fixed in v and angular directions

/ = Fixed v all dircctions

8 = A constant prescribed velocity applies

Weight tactor (a multiplier for the initially
assigned weights)

Angle corresponding to coefficient of friction,

i.eo tan(FRC) =
Tensile strengtn at contact for element M
AN Is the contact list.  Sce discussion of

subroutine MOFTON

Index used to Vind sought quantities in the
contact list

contact scarch list.  Sce discussion of

PLIST

Possible
subrout ine

requires approximately 53 N storage Jocations.,

in program initiates the graphics software and calls

Control is never returned to the main program. The

1975) are pecvliar to
Personnel Managernent's

t Macon, teorgia. Tthe graphics subroutines employed




USTART UBELL UCRCLE
USET UFRASE UPEN
UWALT UPRINT UMOVE
UREAD UPRNT1 UPSET
UGRIN UARC UDAREA
UW1INDO UROTATE UOUTLN

Subroutine GIDYUP

22. Subroutine GIDYUP is the driving subroutine. Its primary
function is to call subroutine INPUI and to cause cycling through sub-
routine QUTPUT. This subroutine is the only one that calls the main
calculation subroutine MOTION. The normal sequence of operations
involves:

a. GIDYUP calls INPUT. The user interactively describes
the problem. Alternatively, the user may seclect a
problem previously stored by subroutine SAVE.

b. A call is made to PLIST, which prepares a list of those
¢lements for which a contact is possible within the next

’ 50 cycles.
c. A call is made to MOTION, which calculates the movements
] of and forces on the elements. Fifty cycles are per-
formed in MOTION. At the end of each 50 cycles, the new
positions of the elements are graphically plotted by
‘ OUTPUT. Step b is again performed.

d. Every so often (user selected, default value = 250 cycles)
a call is made to OUTPUT. The program operation is
halted, and the user must inform the system what action
is to be taken next (i.e., continue running, draw all
clements, change parameters, etc.).

Subroutine INPUT

23. Subroutine INPUT is usced to describe the problem to be
analyzed (see user's guides (Figures 9 and 10)) and also to initialize
common data storage dependent upon its calling subroutine. It may be
called by GIDYUP (to start a new problem) or by OUTPUT (to modify an

existing problem). The following subroutines may be called by INPUT:




SCREEN CIRCLE

G1DYUP 1oopP
GRID GEN
SAVE

Subroutine OQUTPUT

’

24, A variety of functions can be performed by subroutine OUTPUT
(see user's guides (Figures 9 and 10)). After the problem geometry is
described in INPUT, subroutine OUTPUT takes over the system operation.
Its function is to set boundary conditions (fix certain elements), to
allow for inputting parameters (weights, damping factors, frictional
properties, cete.), and to handle both graphical and formatted output.
Between the phases when calculations of motion are being performed
between GIDYUP and MOTION, the program halts occasionally (user defined,
default value = 250 cycles) in OUTPUT. During this halt, the user mey
redet ine boundary conditions, parameters, etc., plot the data, or request
another calculation phase.

25. During any program halt, the user may also instruct the
propram to store o copy of the existing data geometry (pertformed by
subroutine SAVE) . This stored data may then be recalled by a direct
call to INPUT. Subroutine OUTPUT is also used to delete (erase) certain
element sy however, elements mav not be added in OUTPUT. At the outset
of a4 problem, a great deal of geometrical editing may be accomplished by
juggling the program back and torth between OUTPUT and INPUT.  Conse-
quently, the user is able to reposition elements, add e¢lements, delete
clements, change boundary conditions, ete.

26, The data storage (SAVE) teature is veryv handy rfor situations
in which it is desired to solve a suite of problems with the same geometry
but difterent parameterc.  Atter one prohlem is solved, the stored data
mav be recalled, the parameters changed, and the next problem solved.

27,  Subroutine OUTPUT mav be called only by subroutine GIDYUP.

The tollowing subroatines may be called by oOUlPUr.

GIDYRP CIRCLE DAMP
INPU VECTOR PLTFOR
Loop WETGHT GRID
SCREEN INTERVAL SAVE




28. Subroutine OUTPUT is also used to compute the contact stiff-

ness k and time-step increment At . (Subroutine INPUT tentatively

sets k and At in the same fashion as OUTPUT. However, OUTPUT

redefines a stable time step dependent upon the boundary conditions.)
29. The equation of motion for an undamped linear oscillator of

stiffness k and mass m 1is given by

2
m g—%'+ ku = 0

dt

where u 1is the displacement. In a finice difference notation, the

derivative d2u/dt2 may be expressed as

2 U " 2ut + ut—l

[« %
c

’.

(=9
(]

At 2

where u u and u represent the displacements at times

t+l > Tt t-1
t+l , t , and t~1 , respectively. Substitution into the equation of

motion results in .

The equality of the finite difference equation above can hold only if
the quantity (% At2 - 2) is negative. Thus, the stable time step At

is given by
Y e (11)

Greater values for At will lead to exponentially increasing u

30. It can be shown that the formulation for DISC (when consid-
ering a single normal contact) yields the same finite difference equa-
tion given above. That is, given (for some time step t) the values

of U, o Au, , v,_ , and Ft in the normal directions, Equation 3

becomes
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Fquations 6 and 7 may be expressed as

¥ At

v =y o+ [ ' kuit

- Rl 2 L
t+1 t m L m

From bquation 8 and by substitution of the precading cquation

2
kU it
~u = v o= v AL - -
t+1 t+] t n
hen, making the substitution
v ot o= o= ou - ou
t t =1
results in Y
ki, nt”
1 = u - ou L
L = L -
T+l t t=1 m

Finally, Equation 9 may hoe written as
Tt U S
L+i ( L+l\ o
ku "7
{
= + ll ~ b sttt Tt
t ( t t-1 ™ )

Or bv rearranging terms

k 2 )
- . A y —
u, o, 4 Wt - 2] u, —u =0
t+. (m ] t~1
The displacement at time t+l  can be computed if the two previous
displacements at times ¢ and  t—=1  arce kaown.

31,  The procedure outlined rfor the computat tons of a stable

step Mt oconsidered only one contact.  In actuality, many contacts

be made for a single clement: thus,

smaller than the single contact time step.  Thot is, most problems

consist of many degrees of treedom.

19
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32. Thus, a stable At will increase as the mass increases and

will decrease as the stiffness increases. The program will, of course,

calculate faster (i.e., the cost will go down) as the time step increases.

Alternatively, if a At is chosen, then a stable k c¢ould be chosen
for a given m . 1In general, any two of At , k , and m can be
chosen, and the other computed to ensure stability through the preceding
equation. The scheme incorporated into program DISC for computing a
stable At 1is described in the following paragraphs. Any subsequent
user of DISC should not necessarily feel bound to this scheme.

33. At the outset of writing DISC, it was decided that a disc
element with a radius of 20 screen units would be the ''standard" disc
element. The Tektronix screen is 1023 screen units wide and 780 screen
units high. For this standard elcment, a weight of 100.0 units is
assigned. To determine the weight of other disc and bar elements, the
area of the element is computed, divided by the standard area, and
multiplied by 100.0. Thus, all forces output by the program are in
terms of the 100.0 units assigned to the standard disc, i.e., the forces
are normalized and, as such, are nondimensional. The element mass m,

is determined from

m, = we/g (12)
where
w, = the normalized weight of the element
g = the acceleration due to gravity

The value g is an input parameter (default value = 32.2). Thus, if
the default value of 32.2 is used, it implies an acceleration due to
gravity of 32.2 screen units/unit of time/unit of time. If time is
reckoned in seconds, this would normally suggest that one screen unit
equals one foot (i.e., g = 32.2 ft/secz). Inputting g as 9.8 (with

time reckoned in seconds) suggests that one screen unit equals one metre

- 2 .
(i.e., g = 9.8 m/sec”). It is through this input parameter g , that a

scale can be assigned to the problem.

20
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34, The contact spring stittoess ko (eurrently set equal in

normal and shear directions) can be assivned in o varicty of ways. tf
the stirfness were physically known, {t could be dircectly assigned. In
most quasi-static problems, however, the purpose of the spring stiffness
is to prevent the elements from penetrat ing too tar into cach other.
This requirement implivs choovsing a very large Lk 3 however, choosing a
targe  k results in a small  ~t . For program DisC, the following

equation Is used for selecting K

K o= v N+ 1 (13)

max
.
where

N = the number ol elements ia the system

= the weight of the largest element (actually the weight

max . L
of the lTaruest element not restroined from all movement
or "fixed™)
35, The time step "t is then computed as
W= 0005 m [k (14)
min
where m is the mass of the smatlest olement not restrained from all
min

movement. The tactor 0.05 is used to ensure stability since more than
one contact per element is possible. T addition, subroutine OUTPUT
computes element arcas and momeats of inertia and initializes manv data

lists.
Subrontine Pl IsT

36.  Subroutine PLIST (s used to prepare o data list of possible
contacts (between clements).  Ghiis subroutine is accessaed betore each
call to MUTTON (i.c., every S0 cveles)y.  suppose the wituation as shown
in Figure 4 exists. o determine which clements wonld go into the

possible contact list, o check is fivst made on the distance di'

between cach clement, i.e.,




Figure 4.

Formation of possible contact list




where xi R x.1 s yi , yi are the coordinates of the element centroids.

This distance is compared to the conbined elemet thickness RNG, ., .
1}

The combined element thickness is the sum of the radii (plus lengths, if

bar elements) of clemeuts 1 and j , i.e.,

RNUi. = Ri + Rj + Si + S] + 1 screen unit (16)
J .
tor a disce eloement Si =0 .

Une screen anit s added to Rkﬁij <o that eclements that are quite
close to contacting will be incladed in the poss’ble contact list.

37. 1Y diﬁ : “Nﬁii , then this contact pair is put in the
|
possible contac: Tist. 1Y Jii RNui‘ + 100 screen units, the possi-
bilitv of contact is rejocted. It ONG

. d,. - (RNG., + 100), oue
1] 1] 1]
further test s regquiced 1o e cut o or o redect the contact pair.  Since a

call to PLIST is wade onldv covry Db Cvobes, ot i3 possible that moving

elements counld make cont o0 oo the oo Ting interval. The veloelity
of cach element (o, o Lo Soctation e led) is known at oecach call
to PLIST. 'hiv vl s ls ‘ S b co compnte an extrapolated position
for the clement at 3 ot e cyeless Tne original distance
between element s . o t cuo G . ahe extrapolated
H i i
positivns ot clement . s . b ingn ot velovities Voo vv and
j i - '
v, VvV are o given o
~ ; R
. 1
N N LA A
i i
¢ oy A
vooF oy, L0000
i i Y

a7

(& -
X, = x, + 50 tv l
! ] b
¢ .
v, 7y, + 508y
4 1 Y
. ¢ . . . R
where  xb y. , ete., are the extrapolated clement centroid coordinates
i i

after 50 time steps. By substitut ing




Vo= 50nt(vi - v))
X X X
(18)
V, = 506t (v - v))
J y y
the new, extrapolated distance dij between element centroids becomes
e e e 2 e e 2
dij —,,(xi - xj) +(y; - yj)
(19)
cfx, =%, +v )2+ (v, -~y ¥V
1795 7 Yk i 73T
Now, if dij - dij (i.e., the original distance apart is less than the

extrapolated distance apart), then the element pair is moving apart and
the contact is not possible. However, if dij > dij , the element pair
is closing and this pair is entered into the possible contact list
provided that d?j ifRNGij

38. At first sight, it would appear that the last test is all
that is necessary to accept or reject the contact candidate. 1In fact,
it is; however, to speed up computations, it is more efficient to check
for possible contacts in the order described. As soon as a contact
candidate is accepted or rejected, additional computations (involving
the velocities) are no longer necessary. The idea is to accept or
reject with as few computations as possible. It must be mentioned that
PLIST forms only a possible contact list. This list is used in subrou-
tine MOTION, where a closer examination is made to determine if contact
is actually made. For example, as shown in Figure 4a, the bar element 2
obviously does not make contact with disc element 1. However, it will
be included in the possible contact list. Also, elements 1 and 3 may,
if they are moving together rapidly enough, be put in the possible
contact list, but they may or may not physically come into contact
during the next 50 cycles.

39. Searching for possible contacts is done in the following
manner. Starting with element i = 1 and continuing incrementally to
i = n (the total number of elements), distance checks are made with all

elements j with j ranging from i+ 1 to n . Whenever a possible
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contact with element 1 is found, the value | (the namber of the
clement contacting 1) is imbedded in the contact lint.,  Atcter all
possible contacts with e¢lement 1 have been found, the value 1 is
imbedded in the list to signal the end of all contacts with element 1.
For example, if it is assumed that clements 1 and 3, shown in Figure 4a,
cannot make contact during the next 50 cveles, the possible contact list
will be
R e L T B
Thus, element 1 makes possible contacts with 2 and 5, element 2 makes no
new contacts (the -2 contact has already been foundy, element 3 makes
contact with 4, and of course, element 4 could not possibly make any as
vet undetected contacts.  The underlined aumbers, 1, 2, 3, and 4, are
the ascending values of 1 and signity the cad o cach segment of the
list. Now, if it 1s assumed that ¢lements 1 and 3 could make contact,
the list would be
23 -4 -1 -2 -4 -3~4

For illustrative purpuses, consider the arrangement of elements shown in
Figure 4b. The possible contact list for the system would be

2-3~-4-5-06-1-2-4-7-3-5~7-8-4-

b -8-9-5-0-6~8-7-9-8-9~11~-12-10 -

12 ~ 11 - 12
or a total of 19 contacts. Notice that the numbering is always forward.
There is no reason to search backwards as those contacts will already
have been found. The listl segments are, in general, longer for the
lower numbered elements. Within subroutine PLIST, the possible contact
list is entit'ed LI (MLIST). 1he rescrved length of Ll is six times the
number of elements, which should be adequate for most problems since
this length will handle an average of six contacts per element. There
is the possibility that the memorv reservad could be exceeded if a large
number of bar elements are present in the problem to be analyzed.
Suir-outine PLIST is called only by GIDYUP. No other subroutines are

called by PLIST.
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Subroutine MOTION

40. Subroutine MOTION performs three basic functions: (a) it
detects element contacts, (b) it computes the forces acting on each
element, and (¢) it computes the subsequent displacement of the element
due to those forces. Each entry to MOTION results in 50 time step
iterations. Almost all of the processor time used during the operation
of DISC is used in this subroutine.

41. Figure 5 is the flowchart for subroutine MOTION. As pre-
viously mentioned in the discussion of subroutine PLIST, a data list of
possible contacts is created by PLIST before each call to MOTION. This
list contains the elements that are presently touching or could be close
enough to touch during the next 50 time cycles (i.e., the duration for
each call to MOTION). While within MOTION, only those contact pairs
contained in the possible contact list are considered as potential real
contacts. It is not difficult to visualize that this list will be quite
small compared to a list unrestricted by distance considerations.

Indeed it is likely (at least for disc elements) that the possible
contact list is a close approximation to the actual contacts.

Conditions for contacts d

42. Figure 6 shows the various conditions for contacts between
disc and bar elements. When describing element contacts, the convention
is to state that element i contacts element j , where j 1is always
greater than 1 . Searches for contacts are always forward, i.e., the
lower numbered element is said to contact the higher numbered element,
and never vice versa.

43. In general, four situations must be considered to detect
real element contacts from the possible contact candidates i and j
provided by PLIST.

a. Both elements i and j are disc elements (Figure 6a);
only one contact can result.

b. FElement i 1is a bar element and j is a disc element
(Figure 6b); only one contact can result.

¢, Element j  is a bar element and i is a disc element
(Figure 6¢); only one contact can result.
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Figure 6.
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d.  Both elements i and j are bar elements (Figures 6d,
e, f, g, and h); one, two, or four contacts can result.

44. For situation a, it is simply nccessary to determine if the

disc elements are within the proximity criteria (to be discussed subse-

quently) in order to be real contacts.
45. For situation b, determine if disc element j 1is within the

proximity criteria of the periphery of bar element 1 . 1f so, a real

contact is detected.
46. For situation ¢, determine if disc element i is within the

proximity criteria of the periphery of bar element j . 1If so, a real

contact is detected.

47. For situation d, it is necessary to restrict the location of
the points of contacts whenever two bar elements are parallel. For two
parallel elements, the contact points are defined to be at the locations
depicted in Figures 6d, e, f, g, and h, i.ec., where circular ends of the
elements become tangent to the central, straight portions. All of the
contacts may be detected by considering two conditions: (1) element i
to be a bar element and element j to be composed of two disc elements
(the discs being located at either end of bar j ), and (2) element j
to be the bar element and element i to be composed of two disc clements.

48. Thus, as noted in Figure 6d, the necessary two contacts will
be detected if 1 1is considered to be the bar (condition (1) above) and
j to be the two discs since both circular ends of bar j touch bar i .
However, no contacts would be detected if j is the bar (Figure 6e,
condition (2) above) since neither end of bar i makes contact with bar
j . Figures 6f and 6g indicate that one contact is detected by choosing
i as the bar and the other found by choosing j as the bar. Figure 6h
represents the special case of two bars of equal length parallel to one
another. In this case, four contacts (two coincident pairs) are detected;
two from choosing i as the bar and two from choosing j as the bar.

49. For the situation in which two bar elements arec not parallel,
then only one contact between them is possible. However, the scheme
just outlined for detecting contacts between bar elements is also used

when examining skewed bar elements. The proximity criteria will reject

any potential contacts not sufficiently ctlosc.
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50. It must be mentioned that no matter whether clement i or
j or both are considered as the bar element (and the other as composed
of two discs) when seeking contacts, the particulars about that contact
are always associated with the lower numbered elemcent, i.e., element 1 .
This procedure is in keeping with the “going forward" rule.
Proximity criteria

51. The criteria for accepting or rejecting a possible contact
are as follows:

a. If the peripheries of the two elements are within two
screen units of each other at the subject contact
point (recall that the "standard" disc element radius
is 20 screen units), the contact is accepted as a
candidate contact. Otherwise, it is rejected for this
iteration cycle.

o

After a possible contact is elevated to candidate
contact status, two more tests are necessary to finally
accept the contact as a real contact. If this
candidate contact is present in the contact list
generated at the last time step cycle, it is accepted
as a real contact and put in the new real contact

list. 1If the candidate contact is not present in

the previous contact list, then the two elements

must be within 0.1 screen units of each other in

order to be placed in the new real contact list.
Otherwise, it is rejected for this iteration cycle. &

Contact list

52. The contact list is a vector array in COMMON computer stor-

age. This list contains the information about each contact that is
necessary for further processing through subroutine MOTION. The contact

array is defined by the named COMMON storage statement:
COMMON/STORE/AA(M x 24), NA(M)

Since M is the maximum number of elements (N is the actual number of
elements) that may be considered for a problem, the size of AA is re-
served to be at 24 times M . This size for AA should be adequate for
most problems since only actual contacts are stored at any given step in
the calculations. The contents of AA are constantly changing as the
calculations proceed. The array AA should be thought of as divided into

two segments: the first segment containing the contact information for

e




the just completed iteration (the previous contact list), and the second

svgment containing the intormation for the current contact list (or the
new contact list).  As contacts are detected, the contact information is
embedded consccutively within the contact list.  Since a given element

. can contact numerous other elements at any given time, the consceutive
nature ot the list is important to conscrve memory.  The array  NA(Q)

given above is used to point to the location within AA where the con-

tacts for a given element | begin,

53. Before describing the actual structure of the contact list,
a discussion of the particular quantities going into the contact list is
benet icial. For example, suppose a contact list is being built and the
next available location within the array AA is AA(K), where K is the
index within common storage.  Further, suppose that a contact has just
been detected between elements 10 and 0 and accepted as a real con-
tact. Also, suppose that this same contact was present in the previous
contact list starting at some location AA(L). Thus, the tollowing

information is put into the new contact list starting at AA(K):

AA(K) =+ x /10000
b AACK + 1) = I + v /10000
AKX+ 2) = AA(L + 2), the previous normal contact force
AA(K + 3) = AA(LL + 3), the previous shear contact force
AA(K + 4) = B, the angle from the horizontal to the contact
plane

The symbols X, and vy are the coordinates of the point of contact,
> ¢

and ID 1is an identif iL;r indicating the fashion in which the contact

was detected (i.e., for all cases except two bar elements in contact,

ID = 1 ; for two bar elements, ID rtakes on values of 1 to 4 depending

in which sequence the contiacts were found during the scarch). In effect,

locations AA(K) and AA(K + 1) cach contain two picces of information.

; That is, AA(K) contains as its whole part the element number j (con-
tacting element i) and as its fractijonal part X, o A similar situation
holds tor AA(K + 1).

, 54. strictly speaking, only the locations AA(K + 2) and AA(K + 3)

contain information (the normal and shear forces on the contact) that
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must be retained between iterations in order to accomplish the calcula-
tions for displacement. The need for storing the variables j and 1D
is to aid in determining it the contact now being considered is present
in the previous contact list. The variables X, s V.o and B are
retained in the contact list as an aid for later outputting of the
results.

55. It it is now supposed that the contact being processed was
not found present in the previous contact list, the new entry in the
contact list would be the same as before, except

AA(K + 2) 0.0
A(K + 3) 0.0

]

That is, the normal and shear contact forces would be set to zero.
56. Assuming that the contact between elements 1 and j just
discussed was the first contact detected {or element 1 , the contact
list pointer NAA(i) 1is set equal to K . This pointer indicates the
position in memory where the information about contacts for element i
begins. Now that the contact data for this contact have been entered
(and the entry required five memory locations), the next available
location to store contact list data is determined by replacing K by
K+5 (i.e., K= K+ 5). Any additional detected contacts for element i
are, in this manner, put consecutively into the contact list; each
detected contact requiring an additional five memory locations. The
index K is incremented by five following each entry. After all con- 1
tacts for element i have been detected and entered into the contact
list (and also in the case of no contacts at all being detected for
element i), the end of this contact list segment (for element i) is
signified by embedding a zero into array AA at location K + 1

AKX + 1) = 0.0

s l.€.,

The embedded zero indicates that this is the end of that segment of the
contact list pertaining to clement i ., The next available location in

array AA for storing contact data for the next element i £ 1 + 1 is

now located at K = K+ 2 . Since the next element i is now ready to
be processed, the pointer NA(i) is set equal to K . The just described

process is repeated for all elements.
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Initialization of contact data list

57. At the outset of each problem, it is assumed that there are
no contacts between the various disc or bar elements. As mentioned in
the preceding paragraph, zeros that are embedded in the contact list AA,
at the location of the value of the element pointer NA(i) , indicate no
contacts for element 1 . Therefore, at the beginning of a problem
containing N disc and bar elements, the value of the pointer NA(i)

is set to 1 vyielding

NA(L) = 1 ]
NA(2) = 2

{
NA(N) = N

Since a zero located at NA(i) within the array AA indicates no con-
tacts, the array AA(K) is set to zero (for values of K =1, N). In
general, the first time cycle in MOTION will result in some contacts.
The next available location to begin storing the first contact within AA
is at N + 1 . The new pointer value for the first contact detected will

be set to NA(i) = N+ 1 .

58. Therefore, after each cycle of iteration the value of the
pointer NA(i) is the location within the array AA where the contact
list information about element i begins. If the element i has no
contacts, the value AA(NA(i)) will be zero, signifying the end of the
contact list segment for element i . 1If element i does posscss
contacts, the value AA(NA(i)) will be set to j + xc/lOOOO . To find
the end of the contact list segment for element 1 , it is necessdry to
skip through array AA by increments of five (starting at AA(NA(I)) until
a zero is found. The next available location in AA will possess intor-
mat ion about element { + 1 .

Example of
contact list information

59. Consider the simple example shown in Figure 7a. At the

start of the problem, two disc e¢lements (2 and 3) are at rest on bar

33




element 1. An additional disc element (5) is resting upon bar element 4.
Both bar elements are assumed to be fixed, i.e., they arc prevented from
rotation and translation. Assuming that the only forces acting on this
system are due to gravity, the subsequent motions of the disc elements
may be visualized according to the sequence indicated by Figure 7.

Figure 8 shows the structure of the contact list for various stages of

movement.

[nitial

condition (;\ Y i,—'
“ 7 Vd

Figure 7. The contact list
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il Ao proeviows v ment foned, cach call to subrout Dne Mot ol s
proceded ovoa ot to o subroutine PLIST.  Sabrootine VilsT creates the
possible contact st id. Fhe Tist Loas given ar the top ob Pigure &

is for the conditions shown in Figure 7a.  The interpretation of the
Pist is as rollows:  elements 2 and 3 may contact c¢lement 1, ¢lement
fis 1o (as ovel undetecred) contacts, clement 3 has no Gas o vet andetected)
contacts, clement » mavy contact clement 4, and celement 9 has no andes
tected contact s,

ol. At the outset ot any problem, the pointer Pist  SA(H) i
initialized ro the value of 1 and the contact list is set to zero.
ihus, initially, NA (element 1) = 1L, NA(Z) = 2 .. 0 0NA(SY) = 95, and
the contact dara Jist (list L, Pigure 8) contains zeros as indicated by
the svmbol B (four empty). Since there are tive clements in the problem,
the Virst tive storage lecations are set to zero (as indicated by the

Mt n

tive " oin Tist D). The next avaitable location for contact storape

(at the next, or in this case the first cvele) is location 6.

62, The situaticn tor the tirst cycele of MOTION is shown in
list 2 (Figure 3).  The pointer values NA arce: NA(D) = 6, NA(2) - 17,
NA(3) = 18 . NA(A)Y = 19 , and NA(S) = 25 . location 6 of Tist 2 is
the beginning of the contact information for contact between clements
and 2. lmmediately followine the contact information for contact 1-2 is
the intormation for contact -3 (starting at location 11 and ending at
location 15). The zero (svmbol ) embedded at location 16 signitics
that there are no more contacts for element 1. Contacl information for
elenent 2 begions in the contact list at location 17 (NA(2) = 1)V,
location 17 contains a zero, which indicates that there are no contiacts

)

for element similarly, no contacts exist for element 3. The pointer

for clement 4 (3A(4) = 19) peints to a nenzero value, 'huss, the nexi

¢

Cive memory locations (19-24) vield contact information {for contact G-=H.
Fhe pointer for element D (NA(T) = 23) points ta a zevos theretfore,
there are no new contacts tor oelement 5. Indeed, the last clement mav
never possess any contact not already found.

63, Nrortal of 20 memory locations were required to store all of

'
i .

Phe centacis tor oo e 1. Sinee storage began at location 6, at present

16

i




25 locations have been used.  Thus, the next available location for

storage 1= 20,

64. AU any given time cycle, it is necessary to retain the
contact intormation about the previous time cycle. Only by retaining
this intormation is It possible to check whether or not a detected
contact was present at the last stage or it the contact is new. (If the
contact is old, the normal and shear torces for the previous cvele are
entered into the new coutact list; otherwise, zero values for shear and
normal forces are entered.)  Figure 8 gives the new contact list for
cycle 2 (List 3). List 3 is exactly the same as list 2 except the uew
contact list begins at location 26 and ends at location 45. It is
readily apparent that all of these "new'" contacts entered into the new
contact list were present at the previous cycle. The pointer NA  for
a particular element is not updated to the new location until after it
is used to check whether or rot this same contact was present in the
previous list. For example, contact 1-2 has been identificd as a con-
tact for cycle 2, and the contact information is to be entered at
locarions 26 through 30. The pointer value for element 1, NA(ly
still has a value of 6. By going to location 6, it is noted that
contact 1-2 was present in the previous contact list. The pointer value
NA(l) is temporarily updated to a value ol 11 so as to be directiy
pointing to the next location in the previous contact list where contact
information ahout eclement 1 was stored. Thus, when contact 1-3 is
examined (as to whether or not it was in the previous list), the pointer
is in the proper position for quick recognition of this preenisting
contact. After it has becn determined that all contacts for clement 1
have been exhausted, the pointer NA(lL) is set to the new, current
value of 26.

65. At each and every cycle an examination is completely carried
out for every contact given in the possible contact list. information

stored for the previous cyvele is not used at all for determining whethor
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or not a contact is entered into the new contact list.® Onlv atter it
has been decided to enter a contact into the list is a scanning of the
previous list required (and then only to decide what to do with che
shear and normal forces). The method tor updating the element pointer
NA(l) simply provides an efficient method for checking on the presence
of the contact in question.

66. The situation for cycle 3 is shown in list 4. Again, the
organization is the same as for cycles 1 and 2 except the new contact
list is removed by 20 more locations (i.e., locations 46 through 65).
The situation for cyele 4 is not shown, but would be similar, except the
new contact list would be stored in locations 66 through 85. This
process could be carried out indefinitely; however, at some point memory
would become exhausted. Since it is necessary to store contact infor-
mation only for the previous and present cycles, a scheme was developed

for recovering all available memory.

* There is an option available that precludes the searching for con-
tacts at each and every cycle. By entering a suitable variable
(Command 1 in the Input Phase (Figure 9)), it is possible to stipulate
that complete searches for contacts will be made only after every so
many cycles. Unless otherwise stipulated through these options, a
complete search is made for those element contacts in the possible
contact list at each cycle. 1f the option is used, the program as-
sumes that the current real contact list is to be used over and over;
the shear and normal forces are being constantly vpdated. During this
time, the contact coordinates and contact plane angles are properly
computed. The use of this option can be dangerous since new contacts
will not be detected until a complete search is called for. A com-
plete search is always made upon cach entry into MOTION. The use of
this option can significantly reduce computer processing time since
it negates the need for contact searches and for creating a new con-
tact list.
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67. Suppose that 120 storage locations? have been reserved for
contact information as indicated in Figure 8. While processing in
cycle 1, it is apparent that locations | through 25 are neceded for the
present and the previous contact lists.  Thus, locations 26 through 120
are available as "free" memory for future cycles. While in cycle 2, the
required memory locations are 6 through 45 (old plus new contact list).
Therefore, the free memory consists of locations 46 through 120 plus 1
through 5. At cycle 3, the free memory consists of locations 66 through
120 plus 1 through 25. During cycle 4, the free memory extends from
locations 86 through 120 plus 1 through 45. At cycle 5, the free
nemory consists of locatiens 106 through 120 plus 1 through 65. Thus,
as cvele 6 is entered (and will require 20 locations to store the new

contact list), it is apparent that the reserved memory space of 120 will

KN

® The size of common memory for the variables used in program DISC is
set through the use of a Fortran PARAMETER statement. As scen from an
examination of the program listing, the space allocated for the contact
list AA is set to M x 24 , where M is the maximum number of clements
permitted for a problem. In practice, M will often be greater than
the actual number of clements being considered, thus extra memory space
is generally allocated. The common dimensions of M x 24 should be
adequate for most problems. For example, consider a collection of
closely packed uniform disc elements, x discs wide by v dises high.
The total number of elements is xv . The masximum total number of con-
tacts for this collection may be shown to be 3xy = 2(x + v) + 1 .
Since five storage spaces arce required for caclh current contact (plus
onc additional space for ecach contact to store the zero or "E" marks)
the storage S required to contain the current contac* list is

S =5[3xy = 2(x + v) + )| + v

;)

= loxy ~ 10(x + y) +

Neglect ing the last two terms, S cquals 16 times the total number of
clements. Technically, twice this amount of storage is required at any
given cycle since the last contact list must be scanned to prepare the
current contact list. In actuality, twice the amount is not needed
because as soon as the new contacts are entered into the currvent con-
tact list, there is no longer any nced for the corresponding previous
contact (as long as the scequence of insertion vemains the samed . At
present, it is felt that a reserved space of M = 2% shoold be ade-
quate for most problems.




be exceeded unless the frent part of mewmory is reused.  This condition
can be avoided by comput ing the amount of free memory still]l available up
to location 120 arter ecach entryv into the contact list. Since the next
entry could require five additional storage locations, the beginning of
the next entry is directed to location 1 if sufficient memory does not
exist. Theretore, as shown tor cyele 6, the first detected contact 1-2
is placed in locations 106 through 110, and the next contact placed in
locationsg 111 through 115, The five storage locat ions available before
location 120 are sufficient for storage of one more contact. However,
contact 1-3 was the last contact for element 1. ‘Therefore, a zero ("E")
is placed at location 116, signifying the end of contacts fcr element 1.
There are now only four available locations before the end of the re-
served memory and, therefore, not enough locations to store information
for 2 detected contact. The program now directs that storage begin at
location 1. As shown for cycle 6, a zero ("E") is placed in location 1
(signifying that elemeut 2 has no, as yet, undetected contacts). The
pointer NA(2) is set to the value of 1. Locations 117 through 120 are
not used.

68. As long as the contacts do not change, the calculations will
proceed as described in cycles 1 through 6, each cycle requiring an
additional 20 new storage locations of free memory. Cycle 457 is the
situation just before element 2 rolls off bar element 1. Figure 8
presents the possible contact list existing for the conditions shown in
Figure 7b. The interpretation of this list is as follows: elements 2
and 3 may contact elem nt 1, element 4 may contact element 2, element 3
has no undetected contacts, element 5 may contact element 4, and clement 5
has no new contacts. The possible contacts [-2 and 2-4 are included in
the possible contact list; however, they will be excluded as real con-
tacts in MOTION since the situation shown in Figure 7b is for the condition
where element 2 is just breaking contact with element 1 and betore
contact with element 4. Figure 8 also shows the new contact list for
cycle 458, Note that there are now only two contacts (contacts 1-3 ad
4-5). The contact list for cycle 459 is just as it was for cvele 458

except the new contact is stored an additional 15 locations turther
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along in memory. Cycle 679 is the situation just before element 2 hits
clement 4.  In addition, Figure 8 presents the possible contact list and
the resulting new contact lists (cycles 680, 681, and 1085). Notice
that again there are three contacts (contacts 1-3, 2-4, and 4-5),

69. In Figure 8, the possible contact list and the contact data
list are given for some much later time (say cycle 2002). These lists
are for the conditions depicted in Figure 7d. By this time, all of the
disc elements are in contact and proceeding to roll of f the end of
element 4. At this stage, five contacts are detected (contacts 2-3,
2-4, 2-5, 3-4, and 4-5). Thus, 30 additional storage locations are
required to store the contacts at each cycle.

Calculations of
forces on the elements

70. As each element is, in turn, examined for contacts, the sum
of all forces acting on the element is computed. Preceding each time
cycle of iteration the force sum is set equal to the applied plus gravity

loads, i.e.,

Fl = vertical applied load minus the gravity load
ysum

! = horizontal applied load

X sim

i

M = lied

My,m = aPplie moment

In the event that the element being examined possesses no contacts, the
computation proceeds directly to the calculation of accelerations and
displacements (see Equations 6 through 9, Part 11). If contacts are
found for the element being considered, then the force sums are modified
in accordance with Equations 1 through 5. The force sums are updated
for both elements in contact. For example, suppose a situation exists
in which element 3 makes contact with elements 5 and 7. When element 3
is examined for its contacts, the force sums will be updated twice (once
for element 5 and again for element 7). During this process, the force
sums for elements 5 and 7 are also updated. Then when element 5 is
examined and it is determined that it has no, as yet, undetected contacts,
the computation will proceed directly to Equation 6 since the force sum

for element 5 was updated at the time when element 3 was examined. The

same holds for clement 7.
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71. The computations of Equations 8 and 9 are particularly

important. Equation 8 yields the new incremental element centroid
displacements, and Equation 9 yields the new coordinates of the element
centroid. Tt is these quantities that are required by Equation 1 for

the next iteration cycle.

Other Subroutines

Subroutine PLTFOR

72. Subroutine PLTFOR is used to output the forces acting at the
contacts between elements. Recalling that the contact list is struc-
tured such that each element has at least one entry (if no contacts were
detected) and further that the storage is in sequential order, it is
possible to, at any stage, thread through the contact list to obtain the
contact forces. For each element i that possesses contacts, the
contact list contains:

a. The number j of the element being contacted by i .

b. The 1D number for the contact (two bar elements in
contact may have up to four contact points).

¢. The contact point coordinates, X and Yo -

C
d. The normal and shear forces acting at the contact, F

e. The angle to the contact plane, B .
73. These forces are output graphically. A pass is first made
through the contact list to determine the largest absolute value of the
shear or normal force in the list. This quantity is used to calculate a
scale factor, and the vector representing this force will be 20 screen
units long. The other vectors drawn to represent the shear and normal
forces will be proportional. Thus, after each call to PLTFOR, a graphical
representation of the contact forces are drawn on the screen. The
contact coordinates X, and v  are used to locate the position of the

C

vecturs to be drawn, the shear force is drawn at the angle B , and the
normal force perpendicular to the shear force. The user also has the

option of obtaining a printout of the contact forces (Figure 9 or 10).

and Fg (stored as AA(K + 2) and AAK + 3) in me%ory).




Subroutine LOOP

74. Subroutine LOOP is used to check whether or not the cross-—
hair cursor is located in the vicinity of an element centroid. In some
cases, this test is used to modify certain commands.

Subroutine INTFRVAL

75. Subroutine INTERVAL is used to change the frequency of
returning control to the terminal. The normal method is to perform
250 time steps of calculations before halting calculations. At each
halt the user directs what action is to bhe taken next.

Subroutine GRID

76. Subroutine GRID causes a grid to be drawn on the screen.

77. Subroutine SAVE may be called at any time by OUTPUT to store
the current element geometry in memory. Subroutine SAVE is automatically
called on each exit from INPUT. This feature provides the user a means
of reworking the same geometry with, perhaps, a different set of parameters.

Subroutine CIRCLE

78. Subroutine CIRCLE aids in the graphical output of disc and
bar elements.
Subroutine SCRELEN

79. Subroutine SCREEN is used to position the alpha cursor on
the screen following input queries and some output functions. It prevents
overwriting certain areas ot the screen.
Subroutine GEN

80. This subroutine mayv be called during the INPUT phasce.  Its
function is to create a collection of disc clements touching one another
in a dense packing.
Subroutine VECTOR

8l. This subroutine is used to vary the form ol the graphical
output. The normal mode of display is to draw the elements on the

screen at their current positions.  Subroutine VECTOR causes the display

to track the element centroids.




Subrout ine WETGHT

82. Subroutine WEIGHT may be used to modify the weight of any or
all elements.
Subroutine DAMP

83. Subroutine DAMP is used to change the damping constant K
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PART 1V PROGRAM o RAT IO

84, the computer propram DEsC was wiritten in b o tashion o
to keep the data preparation simple and wminimal. N 0 resarlt, e of
computer graphics was emploved to a large cxtent. Moot ot the comnands
necessary Lo ooperate DISC consist of single kevotrobes o the Teltronis
tevminal.  Figures 9 and 10 are the compnter aser ' palden 1o the
operdtion or DISC. Figure 9 pives a more detailed di-ons-ion ot the
uscr commandsy Figoare 10 is an abbreviated command listing.  When one
Pirst uses the program DISC, the intormation viven in Figare 9 sneald
euide the user in the operation ot the program.  After the aser becones
familiar with the program, the abbreviated command Fiot (Fipare i
should suftice.

35, According to the user's vaides, all inpat is iniciated by
entering o single character, tollowing the appearance of the crossbair
cursor.  The crosshair carsor consists of two perpendicular lines crossing
the screen ot the terminal.  The position ot the nterscetions ot the
two lines is controlled by o scet ot thambwheel:s on the terminatl. In
many instances, the entry of the single character s sarficient to
accomplish whatever is desived. o other fostances, certain parametlers
(or numbers) associated with the =ingle character command are required,
It the command requires one or rore paramcters, the alpha cursor (a
small matrix of dots) will appear on the serceen.  As soon as the alpha
cursor appears, the input parameters may be tyvped.

86. The detailed user's guilde (Figure 9) is complete regarding
the meaning ot the various commands and, as such, will not e discussaed
turther., Three examples will, instead, be deseribed in order to illas-
trate the program.

$7. Figure 11 is a series of computoer drawings that describe a
very simple problem.  As soon as program DISC is called into execution,

the message "INPUT PHASE™ is written on the screen (Fipare Tla).  The

collection of three elements was created in the following order:
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this time on, it is not possible to cause the small dise clement 3 to

separate trom the bar colowent. e torces (in both normal and shear
directions) are ontputted to the upper right corner ol the screen by the
command 0" Tollowed by "H.'"  Thuas, tor the contact between clements |
and J, the normal force is 100L0 and the shear foree very smali

(-0 1250 1o ’). The normal foree between c¢lements 1oand 3 is 29,00,
and the shear force is =0.0308 x 1. Reealtling that the welisht ot the
"slandard” diae (radius 7 20 sereen units) is 100.0, the computed Voroes
Are o correct., (rlement 3 has a radiuas of 10 screen units and woald weivh
only one=tourth the amount of the "standard" disc.)

Yl. At this point, the bar element is released from its tinity
in all directions through the command "U" (with the crosshairs centered
on the bar clewent).  This command is tollowed by restraining the bar
clement from movenent in both the horizontal and vertical dicections b

a1
E The bar element is now prevented tfrom translating but is free to rotate

abont its center of cravity., Fo again begin calenlat fons ot motion, the

e

(TPRY] . C. R . .
G ey is ostruck. Since the barge dise O oexerts g countere lockwise

monment on the bar, the svatem begins to rotate as shown in Figure Tle.

92, Repeated 6T commands lead to the situation shown in Figure 114
l and Figure 1lg. The bar contimcs to rvotate, ard the dise elements roll

down the plane.  the lines joioing the Jdise ¢lement centers to the

Toye
N

periphery of the discs indicate the wmouat of rotation experienced

the discs (Fignre Tled. At a later time (Fienre 1ih), the Tarecr dise 2
s completely rolled ort the bar oleront and will soon disappear trom
the bottom of the sercen.

93, Wwealling that, at an carlior time, it was specitied that
dise 3 should nave a large rensile contact "strength," it should be
crpected that olement 2 conld not roll of f the bar.  Figare 11§ indicates
cxacthby rthat situation. bice 3 rolls groond to the underside of the bar

cloment . Figure 1 io o retreained plot ot the final olement posit fons

ore o caloutlat fons woer e

cerine b

erminat ed.

- - et g - poa— e+ -

striking "X" followed by "Y" (apain with the crosshair cursor on ocelement 1)




Ghe As a second oo e

pley consider the yesualts e in
Fieure 12, fn this cxample, three prontoms are being sotved sioudia-
neously.  As socn ax tihe input phase §oonteraed, the tey " i struck
and coses a o erid to be o drawn oen the soreen. The srid ia helpral to

orient the three lony bav clemcnts at o do—-dey angle (Fieare 12a).

AMiter inputting the three bar element: nd che two discs, the compute

N
Nhase s called and the clements are sambered (Fivare (2by. Al ol the
lTower Lar elements ave then tixed by tvping M"Y o cequence tor those
clement s, lheen, element v i vestrainod trom rotat Tng by placing the

- cal iy . e aae Sl o . ' . ] Tyt . R 1", '
ciosshalr o carser at o pts o cealbel oand st trRinge T Alter twpine G Uhe
upper clements rall and proceed to stide down (element 2 rell- dowir the

long bar clements (Figure T2e). Fhe detanit value tor coell jelent o
friction is 0.5; thus tihe shear torces shoald never cooed one hatt o
the normal torces.  Figure [2¢ gives the normal and shear torees at ol
contacts. In cverv instance, the shear foree is one hals o0 che o]
force.  Notice that there are two 5—6 contacts, the tirst ore b o
Larger valne than the sceond. s iy prclictanle sinee most of Ui
weleht snould be el b the Tower contoao .

Y5. The third evampie s T rnced o Vioore (i, 0

Pignire of this serics soows a0 sitoat fon b whicn dose choments O and

are surroanded by oo boandayy o tarsed B e nees 0 v e e, lowever,
an opening botween clements 0 g 5. [ S RN T O A S PUR U B S S
the elements 1o the iavpnt phane, the oovraite oe o g entered.s dleraent e
throuch 5 arce lmncediasteis S torone! tne a0 o the "I ey Pollowin:
that =tep (Fieonre P30, the weivhts o b0 lvent o are wer o BTN
f try ot | . . - N .

[ auot L ' N L LIS LS P Foario i alle o e . h tog [ R SR N B [N
the us Wothe Kev e s Vel n e e ! Pyt L i
constant isoredaced oo core fa ot T G o oty i

coet tieient of triction i oo oo (asdi tac T Ree o thiat the

ancles o rertTect fon w07 D ol thie anglen ob e idcno e Tnownatever

mot ions ensioe. Ghreonsh the ase ob che "W RKewy toe i ol cede ety o
clement 6 Ls o=ot Lo v SO0 sercen anit o poer secend, o T S0

At the aneoal o oveloc ir s ta ooy For cternont T the VT key was
aoaed o Eet w0 I gl ey cecond e e POk i s Fioaoe T
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shows the resulting motions after striking key "G." Notice that disc b
proceeds downward to the left. Dise 7 starts upward to the right,
strikes the upper boundary, and turns downward to the right. Following
the first calculation cycle of 250 time steps, output is converted to
the "vector" mode by hitting key "*." When in the vector mode, the
elements are no longer drawn. The output now consists only of the
movement of the element centers. FElement 7 proceeds to rebound off the
lower boundary, then strikes the lower end of element 2, and exits
through the opening (Figure 13b). Element 6, however, does not quickly
find an exit through the opeuing. In Figure 13c¢, element 6 suifers a
total of 21 rebounds before hitting the rounded portion of e¢lement 2.
Element 6 then is deflected in an almost horizontal direction to the
left wall and shoots across and out through the opening (almost dead
center).

96. The purpose of the three example problems is to demonstrate
the flexibility and range of this program. Problems involving quasi-
static behavior and large rapid motions are included within the same
framework. Indeed, at one time, this program contained options for
including "inversc square of the distance'" forces so that the user could
compute orbits of gravitational bodies. These options are not germanc
to the general tields of geotechnical engineering and, as such, are not
present in this version. However, the program DISC is basically a tool

that will solve many fundamental problems in rigid body mechanics.




ik

P g Gas Sl Mg b, e

PART Vi CONCLUSTONS AND RECOMMEND AT TONRS

Cone Tass fones

97. A computer program entiticd DISC has been developed tor
analyveine disce (and bar) shaped element s, She formulat fone, based apon
the distioet olement method, allow tor Lavge, rapid movement o, or quasi=
static movements. The discretized bohavior of oo elements are binemati-
cally catvalated by the program DIsC o so that individoal system p irtiches
(e discsy are capable of rolling, =iiding, disptacing cach othoer, otoe.
The distinet clement method provides a4 contrast Lo common continuum
amalvsis procedurcs, such as the inite elemont re-thod .

98, At the beginning of this stady, the writer was ont imistic
that this method would be dircet!iy applicable to probiems crcvantered i
ceotechnical enginecring.  Doring the conrse of ini- Lule, vouy Meon=
puter runs" were made in the oope o mode !l iney a varicty oo on
cootechnica ! phoenomen, such as slope saability, retrininge A0 pearing

capacity, awd pile driving. Tooe or these attemps were ot oo tar te

the extent coguired Tor veporting i this decament. ihe foy Looowrior

has not been able tooestemd the method fo common geotecbaicas preht o
in a Jdirect rashicn.  Howevor, wany veotochnical vroblers '
phvsical by moedebed beoan aesenblane o dises. e cenn e o ek
model ing conl? Tead o {at the prescuat) an mnderstandine o the dotaiis
o1 the individual particle moffons For example, oot i w i
he phvsical Ty modeled by oon ascemblage of dlve vy o conp b 0 rogee n Y
penctration probler. The prograsm DLse i ENEEN AR sl moae b to
analvee dise —.‘J!J;)vd object s co i purr ey e wriier e 1 1o
other method i i nearly e acearate o fhosinles o et iy
paper was recent b publishied deseribine o pregran et feitar to
(Coandall aod strack, 1975, P 9 napes, he conbariseon wi Tiade
Hotween o corpater modeling program ent i hed BALT Coimilar e iy and
photociac e stadies oi phesical J e, P corpon een e o Phent s
Howess 1y onee putin, bhoth stades were odet o



R

- o

g

“y, It shall remain for others to extend the distincet olement
met hiod to more wmeaningful situat ions. it is the writer's opinion thot
this tvpe of avalveis will cventually be adopted in many arveas ol wngpi-
neering. ihe concent of analyvzing discrete particles inoan cxplicit

scheme is attractive to the formulations of geotechnical problems.

Recommendat ions

100, It must be emphasized that the computer program DISC was
written to be quite general. [t a subsequent user of this program has
to analysze a particular problem, he should make an attempt to modify the
basic, general program to his needs.  For example, if the problem re-
quires onlv a quasi-static analysis, many savings could be accomplished
bv tewer searches for near contacts. Researchers generally tend to
direct new concepts to a large audience and always try to account tor
anv possible applicat ion of their developments. A user of this research
would be well advised to simply store a copy of the original program
DISC within his files and then modity and enhance whichever pertions of
DISC that tit bhis applications.  That is, adapt the program to the

part icular need.
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In accnrdance with letter from DAEN-RDC, DAEN-AS! dated
22 July 1977, Subiect: Favsimile Catalog Cards for
laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC formut is reproduced

below,







